The highly elliptical, 16-year-period orbit of the star S2 around the massive black hole candidate Sgr A* is a sensitive probe of the gravitational field in the Galactic centre. Near pericentre at 120 AU ≈ 1400 Schwarzschild radii, the star has an orbital speed of ≈ 7650 km/s, such that the first-order effects of Special and General Relativity have now become detectable with current capabilities. Over the past 26 years, we have monitored the radial velocity and motion on the sky of S2, mainly with the SINFONI and NACO adaptive optics instruments on the ESO Very Large Telescope, and since 2016 and leading up to the pericentre approach in May 2018, with the four-telescope interferometric beam-combiner instrument GRAVITY. From data up to and including pericentre, we robustly detect the combined gravitational redshift and relativistic transverse Doppler effect for S2 of z = ∆λ/λ ≈ 200 km/s/c with different statistical analysis methods. When parameterising the post-Newtonian contribution from these effects by a factor f , with f = 0 and f = 1 corresponding to the Newtonian and general relativistic limits, respectively, we find from posterior fitting with different weighting schemes f = 0.90±0.09| stat ±0.15| sys . The S2 data are inconsistent with pure Newtonian dynamics.
Introduction
General Relativity (GR) so far has passed all experimental tests with flying colours (Einstein 1916; Will 2014) . The most stringent are tests that employ solar mass pulsars in binary systems (Kramer et al. 2006) , and gravitational waves from 10 − 30 M black hole in-spiral events (Abbott et al. 2016a,c,b) . These tests cover a wide range of field strengths and include the strong curvature limit (Fig. A.2 ). At much lower field strength, Earth laboratories probe planetary masses that are about a factor 10 6 lower than the stellar mass scale. For massive black hole (MBH) candidates with masses of 10 6−10 M , only indirect evidence for GR effects has been reported, such as relativistically broadened, redshifted iron Kα line emission in nearby active galaxies (Tanaka et al. 1995; Fabian et al. 2000) . The closest MBH is at the centre of the Milky Way (R 0 ≈ 8 kpc, M • ≈ 4 × 10 6 M ), and its Schwarzschild radius subtends the largest angle on the sky of all known MBHs (R S ≈ 10 µas ≈ 0.08 AU). It is coincident with a very compact, variable X-ray, infrared, and radio source, Sgr A*, which in turn is surrounded by a very dense cluster of orbiting young and old stars. Radio and infrared observations have provided detailed information on the distribution, kinematics, and physical properties of this nuclear star cluster and of the hot, warm, and cold interstellar gas interspersed in it (cf. Genzel et al. 2010; Morris et al. 2012; Falcke & Markoff 2013) . High-resolution near-infrared (NIR) speckle and adaptive optics (AO) assisted imaging and spectroscopy of the nuclear star cluster over the past 26 years, mainly by two groups in Europe (the Max Planck Institute for Extraterrestrial Physics, MPE, and the University of Cologne at the ESO New Technology Telecsope, NTT, and the Very Large Telescope, VLT) and one group in the Article number, page 1 of 10 arXiv:1807.09409v1 [astro-ph.GA] 25 Jul 2018 USA (the University of California at Los Angeles, UCLA, at the Keck telescopes) have delivered more than 10 4 stellar motions and orbit determinations for ≈ 45 individual stars (Schödel et al. 2002; Ghez et al. 2003 Ghez et al. , 2008 Eisenhauer et al. 2005; Gillessen et al. 2009b Gillessen et al. , 2017 Schödel et al. 2009; Meyer et al. 2012; Boehle et al. 2016; Fritz et al. 2016) . These orbits, in particular, the highly eccentric orbit of the main-sequence B-star S2 (or S02 in the UCLA nomenclature), have demonstrated that the gravitational potential is dominated by a compact object of ≈ 4×10 6 M that is concentrated within a pericentre distance from S2 of 17 light hours ≈ 14 mas or 120 AU from Sgr A*. S2 appears to be a single star (Martins et al. 2008; Habibi et al. 2017; GRAVITY Collaboration et al. 2017; Chu et al. 2018) , making it an ideal probe for testing GR by diffraction-limited imaging and spectroscopy (Alexander 2005; Zucker et al. 2006; Parsa et al. 2017) , and interferometry (Grould et al. 2017 ) through the deviation of its apparent motion from a Keplerian orbit.
The radio source Sgr A* is coincident with the mass centroid to < 1 mas (Plewa et al. 2015) , and is itself very compact, with R (1.3 mm) < 18 µas ≈ 1.8 R S , based on millimetre very long baseline interferometry (Falcke et al. 2000; Doeleman et al. 2008; Johnson et al. 2017 ). In addition, Sgr A* shows no detectable intrinsic motion, which supports the interpretation that the compact radio source is coincident with the mass (Reid & Brunthaler 2004; Reid 2009 ). The most conservative explanation for Sgr A* is that it is an MBH, assuming that GR is applicable (Genzel et al. 2010; Falcke & Markoff 2013; Vincent et al. 2016) . So far, Newtonian orbits in a single central force potential can describe the motions of all stars. Any extended mass within the S2 orbit is lower than about 1 % of the central mass (Hees et al. 2017; Gillessen et al. 2017 ).
Observations
We present 1 an analysis of the positions and K-band spectra of the star S2 from 1992 to 2018 (Figs. 1 and 2).
We obtained sky-projected positions of the star S2 with the speckle camera SHARP at the NTT (1992 -2002 : Hofmann et al. 1993 , but most of our imaging comes from the AO-assisted NIR imager NACO at the VLT (2002 : Lenzen et al. 1998 Rousset et al. 1998 ) and the interferometric astrometryimager GRAVITY with all four Unit Telescopes (UTs) of the VLT interferometer (GRAVITY Collaboration et al. 2017) . The SHARP/NACO data deliver relative positions between stars in the nuclear star cluster. These are then registered with ≤ 1 mas precision in the radio frame of the Galactic centre (Reid et al. 2007 ) using multi-epoch observations of nine SiO maser stars common between our infrared data and the radio interferometry, after correcting NACO image distortions with observations of a globular cluster calibrated on data from the Hubble Space Telescope (Plewa et al. 2015) . In the GRAVITY interferometric observations, we detected and stabilised the interferometric fringes on the stars IRS16C or IRS16NW located ≈ 1 from Sgr A*, and observed the "binary" S2 -Sgr A* within the second phase-referenced fibre (see GRAVITY Collaboration et al. 2017 Here and in the other GRAVITY images, the elongation is due to the shape of the interferometric clean beam. Bottom: S2 -Sgr A* GRAV-ITY images (co-addition of several days) from July 2017 (bottom left) and May / June 2018, a few days after pericentre (bottom right). The inset in the bottom left panel shows the instantaneous interferometric beam, which is 2.2 mas × 4.7 mas without Earth rotation. The inset in the middle left shows a co-added SINFONI K-band spectrum of the star S2, taken from Habibi et al. (2017). solved sources in > 90 % of our individual integrations (5 minutes each), such that the S2 -Sgr A* vector is directly obtained in each of these measurements.
Our 2003-2018 measurements of the Brackett-γ line velocity were taken with the AO-assisted integral field spectrometer SIN-FONI at the VLT (Eisenhauer et al. 2003a; Bonnet et al. 2004) , with five additional 2000-2003 slit-spectra from the AO imagers and spectrometers NIRC2 at Keck (see Ghez et al. 2003; Chu et al. 2018 ) and NACO (Eisenhauer et al. 2003b) .
The 1992-2016 speckle and AO-imaging and spectroscopic data used below have been presented in Gillessen et al. (2017) . In 2017 and 2018 we increased the cadence of the observations in preparation for the pericentre approach in May 2018. We added 21 epochs of NACO K-and H-band imaging in the 13 mas/pix scale, and 2 epochs of NACO K-band imaging in the 27 mas/pix scale to measure the SiO maser positions (Reid et al. 2007 ) that define our coordinate system (Plewa et al. 2015) . We obtained 30 data sets of GRAVITY interferometry, and 26 additional spectroscopy epochs with SINFONI using the 25 mas/pix scale and Chu et al. (2018) , and Gillessen et al. (2009b Gillessen et al. ( , 2017 . The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time. The cyan curve shows the best-fitting S2 orbit to all these data, including the effects of General and Special Relativity. the combined H+K-band grating with a spectral resolution of R≈ 1500.
For more details on the data analysis of all three instruments, we refer to Appendix A.
Results

Relativistic corrections
The left panel of Fig. 2 shows the combined single-telescope and interferometric astrometry of the 1992-2018 sky-projected orbital motion of S2, where the zero point is the position of the central mass and of Sgr A*. All NACO points were corrected for a zero-point offset and drift in R.A./Dec., which are obtained from the orbit fit. The bottom right panel zooms into the 2018 section of the orbit around pericentre measured with GRAVITY. The zoom demonstrates the hundred-fold improvement of astrometry between SHARP in the 1990s (≈ 4 mas precision) and NACO in the 2000s (≈ 0.5 mas) to GRAVITY in 2018 (as small as ≈ 30 µas). While the motion on the sky of S2 could be detected with NACO over a month, the GRAVITY observations detect the motion of the star from day to day. The upper right panel of Fig. 2 displays the radial velocity measurements with SINFONI at the VLT and NIRC2 at Keck in the 1992-2018 period.
At pericentre R peri , S2 moves with a total space velocity of ≈ 7650 km/s, or β = v/c = 2.55 × 10 −2 . This means that the first-order parameterised post-Newtonian correction terms (PPN(1)), due to Special and General Relativity, beyond the orbital Doppler and Rømer effects, are within reach of current measurement precision, PPN(1) ∼ β 2 ∼ (R S /R peri ) ∼ 6.5 × 10 −4 . These terms can be parameterised spectroscopically as (e.g. Misner et al. 1973; Alexander 2005; Zucker et al. 2006) .
where the PPN(1) z term B 1 = B 1,tD +B 1,gr , with B 1,tD = B 1,gr = 0.5, and
Here a is the semi-major axis and e is the eccentricity of the S2 orbit. B 0.5 β is the Newtonian Doppler shift.
Eq.
(1) indicates that PPN(1) z consists in equal terms of the special relativistic transverse Doppler effect (B 1,tD ) and the general relativistic gravitational redshift (B 1,gr ), totalling ≈ 200 km/s redshift at pericentre, while at apocentre, it amounts to only 6 km/s. If the total orbital redshift z tot is separated into a Newtonian/Kepler part z K and a GR correction, one can write z tot = z K + f (z GR −z K ), where f is zero for purely Newtonian physics and unity for GR. In the following we show the residuals ∆z = z GR −z K . The Keplerian part of the orbit is at ∆z = 0, and the PPN(1) z corrections appear as an excess.
Analysis with prior Kepler orbit
We define a prior orbit K prior by excluding those data for which the PPN(1) z corrections matter. For K prior we use the entire 1992-2018 SHARP/NACO and GRAVITY data and the SINFONI data from 2004 up to the end of 2016. We then obtained K prior as described in Gillessen et al. (2017) , which requires a simultaneous fit of 13 parameters. The Rømer delay is included in the calculation. The resulting orbit is a modest update of Gillessen et al. (2017) . Using this as the prior orbit, we then added the radial velocities from 2017 and 2018 (Fig. 3) . The 26 residual 2017/2018 spectroscopic data relative to K prior clearly do not follow the best-fitting Keplerian orbit derived from all previous 51 spectroscopic and 196 positions in the past 26 years (grey line in Fig. 3 ), but instead follow the f = 1 (i.e. GR(K prior )) version of K prior (red line in Fig. 3 ). This test is fair: GR-corrections should only be detectable with our measurement errors within ±1 year of pericentre.
This a priori test demonstrates that the spectroscopic data around the pericenter passage are inconsistent with Newtonian dynamics and consistent with GR. However, both K prior (χ 2 r = 21) and GR(K prior ) (χ 2 r = 8 ) are poor fits to the data.
Posterior Analysis
Because of the uncertainties in the parameters of K prior , in particular, in the strongly correlated mass and distance, a more conservative approach is to determine the best-fit value of the parameter f a posteriori, including all data and fitting for the optimum values of all parameters. In carrying out the fitting, it is essential to realise that the inferred measurement uncertainties are dominated by systematic effects, especially when evidence from three or more very different measurement techniques is combined (see Appendix A.6 for a more detailed discussion). In particular the NACO measurements are subject to correlated systematic errors, for example from unrecognised confusion events (Plewa & Sari 2018) , which typically last for one year and are comparable in size to the statistical errors. We therefore down-sampled the NACO data into 100 bins with equal path lengths along the projected orbit (Fig. 4, middle) and gave these data in addition a lower weight of 0.5. Depending on exactly which weighting or averaging scheme was chosen, the posterior analysis including all data between 1992 and 2018 yielded f values between 0.85 and 1.09. With a weighting of 0.5 of the NACO data, we find f = 0.90 ± 0.09 (Fig. 4) . GR ( f = 1) is favoured over pure Newtonian physics ( f = 0) at the ≈ 10 σ level.
The error on f is derived from the posterior probability distributions (Fig. 4, bottom) of a Markov chain Monte Carlo (MCMC) analysis. Fig. A.1 shows the full set of correlation plots and probability distributions for the fit parameters. The distributions are compact and all parameters are well determined. The best-fit values and uncertainties are given Table A.1.
The superb GRAVITY astrometry demonstrably improves the quality of the fits and is crucial for overcoming the source confusion between Sgr A* and S2 near pericentre. A minimal detection of PPN (1) z (Eq. (1)) is provided by a combination using only NACO and SINFONI data ( f NACO+SINFONI = 0.71 ± 0.19, 3.6 σ), but the inclusion of the GRAVITY data very significantly improves the precision and significance of the fitted parameters: the improvement reaches a factor of 2 to 3.
A still more demanding test is to search for any Keplerian fit to all data and determine whether its goodness of fit is significantly poorer than the goodness of fit of the best-fitting GR-orbit. For linear models the formula presented in Andrae et al. (2010) can be used to estimate the significance. However, the value for the degrees of freedom (d.o. f.) is not well defined for non-linear models (Andrae et al. 2010) . In our case, we have two models that only differ significantly over a very critical short time-span given the uncertainties in the underlying data. We therefore used the number of those data points as d.o. f. for which the two models predict significant differences. The difference in χ 2 yields a formal significance of 5 σ or greater in favour of the relativistic model.
For further comments on a Bayesian analysis of our data, see Appendix A.9.
Discussion
We have reported the first direct detection of the PPN(1) gravitational redshift parameter around the MBH in the Galactic centre from a data set that extends up to and includes the pericentre approach in May 2018. Three different analysis methods of our data suggest that this detection favours the post-Newtonian model with robust significance. Further improvement of our results is expected as our monitoring continues post pericentre. Still, there are reasons to be cautious about the significance of these early results, mainly because of the systematic effects and Here, we down-sampled the NACO data into 100 equal bins along the orbit to obtain a constant weighting in spatial coverage. With a weight of 0.5 for the NACO data (in order to account for the systematic errors), this yields a 10 σ result in favour of GR ( f = 0.90 ± 0.09), and χ 2 r = 0.86. The bottom panel shows the posterior probability distributions for f and its correlation with the mass M • and distance R 0 of the massive black hole, and the argument of periapsis ω. The distributions are compact and all parameters are well determined. the validity of our basic assumptions and model. The most important concern probably is that our basic input model (a binary consisting of an MBH and a star with much lower mass) is incomplete. Additional 'luminous' and massive objects around S2 and between S2 and Sgr A* are unlikely given the spectroscopic and imaging data. Based on the radial velocities of S2, Chu et al. (2018) excluded any companion with Msin(i) < 1.6 M for periods up to 150 days, the longest period for which the binary is not subject to tidal break-up. The GRAVITY imaging data ( Fig. 1 ) so far do not show any object near Sgr A* and S2 brighter than K ≈ 18.5 mag, corresponding to a 2M mainsequence star. However, massive, non-luminous objects, such as stellar black holes, might be present and could affect the orbital dynamics of S2 (Gualandris & Merritt 2009; Merritt et al. 2010; Gualandris et al. 2010) . We repeated the exercise by Gillessen et al. (2017) of testing how much of an extended mass distribution (in form of a Plummer distribution) could still be commensurable with our full new data set. We find that such an extended mass is lower than 0.35 to 1 % of the central mass, depending on the assumed Plummer radius.
The next relativistic correction term we hope to detect is the Schwarzschild precession, which per orbital revolution is
radians ≈ 12 for S2.
Since the precession is strongly dependent on distance from the black hole and S2 is on a highly elliptical orbit, the term manifests itself as a kink between the incoming near-Keplerian and the outgoing near-Keplerian orbit. In addition, it leads to a westward drift of all data points around apocentre. The posterior fit of the current data including the Schwarzschild precession yields an f -value still closer to GR than without the precession term ( f = 0.94 ± 0.09). The chances for robustly detecting the Schwarzschild precession with further observations are very high. GRAVITY will continue to be critical for this second phase of the experiment. Our forecast suggests that we will obtain a 5 σ posteriori result with GRAVITY by 2020 (Grould et al. 2017) . . Posterior probability distributions obtained from a Markov chain for the 14-parameter fit including f as a free parameter. All parameters are well constrained, in particular also f . We have omitted the panels corresponding to the four coordinate system parameters in this figure for clarity.
two posterior parameter spaces is almost unity, such that the evidence ratio ρ equals the likelihood ratio, i.e. ρ ≈ ∆χ 2 /2, which is ≈ 43 in favour of f = 1 (assuming p( f = 0) = p( f = 1) a priori). The differences in the Bayesian information criteria (BIC) and the Akaike information criteria (AIC) both equal ∆χ 2 in our case. Given that ∆χ 2 = 87, we have a "decisive" evidence for f = 1 when applying Jeffrey's scale.
We estimated the sampling error on f by means of a bootstrap analysis, during which we randomised the astrometric and spectroscopic data points separately but simultaneously. We refit the bootstrap sample and used the standard deviation of the best-fit values of f as sampling error. We obtain ∆ f = 0.15.
Appendix A.10: Lense-Thirring effect
The S2 experiment delivers a valuable confirmation of GR in a so-far unexplored regime at high masses (Fig. A.2 , adapted from Psaltis 2004) . A further goal would be determining the spin of the massive black hole through the combination of frame dragging and quadrupole moment, the so-called Lense-Thirring (LT) precession, of PPN(1.5) order (e.g. Misner et al. 1973; Bardeen 
where ξ ≤ 1 is the dimensionless spin parameter of a Kerr black hole. For ξ = 0.5, the LT precession of S2 is 9 , which is clearly not detectable. It is thus necessary to observe stars yet deeper in the potential if the spin of Sgr A* is to be measured with orbiting stars. Waisberg et al. (2018) have quantitatively analysed the requirements for detecting the LT-precession on a star inside the S2 orbit. They find that such a star would have to have a combination of semi-major axis a and eccentricity e, a(1 − e 2 ) 3/4 /R S ≤ 250, and a significant detection would require 10 µas astrometric precision in a campaign over several years. Based on the K-band luminosity function (Genzel et al. 2003; Sabha et al. 2012; Gallego-Cano et al. 2018; Schödel et al. 2018 ) and the eccentricity distribution of the S-stars , Waisberg et al. (2018) estimate a probability of ≈ 10 % for a K < 19 mag star to fulfill the above requirement. Still fainter stars would likely be more common. No second star with K < 18.5 mag has so far been reliably detected near Sgr A* with GRAVITY, which is consistent with the predictions of Waisberg et al. (2018) . We hope for such a detection in the next years, when S2 has moved away from Sgr A* and cleared the field of view for fainter objects. (2004) . Shown in black are well-established tests: the Pound & Rebka (1959) experiment, the precession of Mercury (Einstein 1916) , light deflection and the Shapiro delay in the solar system, the Hulse-Taylor pulsar (Taylor & Weisberg 1982) , the gravitational redshift of Sirius B (Greenstein et al. 1971; Barstow et al. 2005) , the LIGO detections (Abbott et al. 2016a,c,b) , and the relativistic Fe Kα line (Tanaka et al. 1995; Fabian et al. 2000) . Future tests are shown in grey, and this work, which uses the S2 orbit around Sgr A*, is shown in blue.
